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Typically, utilization of small nanopipettes results in either high sensitivity or spatial resolution
in modern nanoscience and nanotechnology. However, filling a nanopipette with a sub-10-nm
pore diameter remains a significant challenge. Here, we introduce a thermally driven approach
to filling sub-10-nm pipettes with batch production, regardless of their shape. A temperature
gradient is applied to transport water vapor from the backside of nanopipettes to the tip region
until bubbles are completely removed from this region. The electrical contact and pore size for
filling nanopipettes are confirmed by current-voltage and transmission electron microscopy (TEM)
measurements, respectively. In addition, we quantitatively compare the pore size between the TEM
characterization and estimation on the basis of pore radius and conductance. The validity of this
method provides a foundation for highly sensitive detection of single molecules and high spatial
resolution imaging of nanostructures.
I. INTRODUCTION
Nanopipettes have been widely utilized in modern
nanoscience and nanotechnology applications, such as
molecular sensing [1–6], chemical delivery [7–10], and
scanning probe microscopy [11–17]. In these appli-
cations, a nanometer-scale channel that forms near
the tip of the nanopipette must be filled with a
solution. Such a solution-filled channel can facilitate
the transport, counting, and detection of nanometer-scale
objects passing through the nanopipette pore, typically
undertaken using electrical methods. The size of
the nanopipette pore is adjusted on the basis of the
applications; in particular, scanning probe microscopy
techniques using nanopipettes require a smaller pore
size as smaller pore sizes correspond to improved
spatial resolution [18, 19]. Scanning ion conductance
microscopy [20] (SICM) through the use of nanopipettes
has received significant use in the field of scanning probe
microscopy owing to its huge potential for mapping
surface topography [21–24], mechanical properties [21–
24], and surface charge distribution [25–31] of biological
materials with nanometer-scale resolution. In SICM,
an ion current passing through the nanopipette pore
generated by electrolyte-filled nanopipettes is used as
a signal to sense the interface position of measured
samples. However, using nanopipettes with a 10-nm
pipet pore is difficult in practice owing to the strong
capillary force that prevents the filling of the nanopipette
pore with the solution.
Several attempts have been reported to solve this
problem. One method applies high pressure from the
backside of a nanopipette to force the electrolyte solution
toward the tip region. However, this method is not
suitable for a small nanopipette [32]. Another method
∗ Contributed equally to this work
† tando@staff.kanazawa-u.ac.jp
‡ wshinji@se.kanazawa-u.ac.jp
utilizes the nanopipettes with a glass filament inside.
Although the electrolyte solution can easily fill the
tip region of the nanopipette, these nanopipettes are
easily broken by the application of undesirable forces
that are frequently and accidentally generated at the
nanopipette tip during experimental operations. Very
recently, the Tinland group reported a method to fill
a nanopipette with a pore diameter of less than 50 nm
without a filament inside, performing a microdistillation
procedure [32]. However, their microdistillation method
is very time consuming as only one nanopipette can
be filled in any given operation, significantly limiting
the application of this method. In addition, there was
no direct evidence of the application of this method
for electrolyte-filled nanopipettes with pore diameters
less than 10 nm. The methods that they used are an
indirect estimation of the pore diameter, i.e., scanning
electron microscope (SEM) and electrical measurements
of nanopipettes, which was clearly pointed out by Perry
et al [33]. Therefore, a new approach to fill sub-10-nm
pipettes is greatly desired for a wide range applications
in nanoscience and nanotechnology.
In this study, we proposed a simple and efficient
method for filling nanopipettes with batch production,
including those with pore diameters of less than 10 nm.
A temperature gradient is applied to transport water
vapor from the backside of the nanopipette to the tip
region until bubbles are completely removed from the
nanopipettes. Electrical measurements ensure that our
method is capable of filling all nanopipettes, regardless
of the geometry. The combination of electrical measure-
ments and a transmission electron microscopy (TEM)
image of the nanopipette provided direct evidence of the
validity of our method for sub-10-nm nanopipettes.
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FIG. 1. Experimental setup of thermally-driven (TD) method and the characterization of nanopipettes. We used nanopipettes
with a pore diameter of approximately 10 nm to apply the TD method. The geometry of the nanopipette used was characterized
by the OM and TEM images. The I-V measurements were carried to ensure complete filling of solutions inside the nanopipettes.
(a and b) Example of the OM and TEM images of the nanopipettes used. (c) OM image of a nanopipette after injecting DI
water. The meniscus forms at the water/air interface. (d) Schematic of the TD method. (e) Several tens of nanopipettes on
metal-supported surface. After being placed on the metal-supported surface, the nanopipettes were subjected to the temperature
gradient generated by the hot plate. The image of the temperature gradient was measured when the hotplate was kept at a
temperature of ∼80 ◦C. (f) OM image of the nanopipette after complete filling by the TD method. The meniscus formed in
panel c disappeared. (g) Schematic of I-V measurement of nanopipettes.
II. EXPERIMENTAL SECTION
1. Solutions and Materials
Aqueous electrolyte solutions (2 M KCl, 50 mM FeCl3)
were prepared with deionized water (DI H2O; resistivity,
ca. 18 MΩ cm at 25 ◦C; Millipore Corp.). A non-metallic
syringe needle (MF34G-5, World Precision Instruments)
is used to fill glass pipettes with DI water or KCl solution.
2. Nanopipette Fabrication
In our experiments, all the pipettes were fabricated
using a CO2-laser puller (P-2000, Sutter Instrument).
The quartz capillaries utilized have an outer diameter
o.d. = 1.0 mm and inner diameter i.d. = 0.3 mm. Before
the pulling process, all the capillaries were treated by
O2 plasma for 10 min to remove some contamination
inside of the nanopipettes. The pulling parameters
for the fabrication of sub-10-nm pipettes are shown in
Supporting Information, Table S1.
3. I-V Measurement
The electrical properties of electrolyte-filled
nanopipettes were characterized in a system fabricated
in-house. A current amplifier (DLPCA-200, FEMTO)
was used to amply the ion current signal. A function
generator (WF-1973, NF Corp.) was used to supply a
3bias voltage between Ag/AgCl electrodes. The Ag/AgCl
electrode was made by immersing a silver wire into
FeCl3 solution for 1 min. An oscilloscope (DSOX1102G,
Keysight Technologies) was utilized to record the input
and output voltages.
The I-V measurements were performed as follows.
A nanopipette was completely filled with DI by our
proposed method. The DI water inside the pipet was
exchanged by a 2 M KCl solution and kept for over
10 min. The nanopipette was immersed in a bath solution
with a concentration of 2 M KCl and kept for 10 min,
inducing the formation of a homogeneous concentration
in the nanopipette owing to the diffusion of ions. Then,
I-V measurements were carried out with a bias voltage
in the range from −0.3 to 0.3 V. The electrical resistance
was calculated by linear fitting to the measured I-V curve
with a bias voltage in the range from −50 to 50 mV. The
use of 2 M KCl solution in the I-V measurements helps
to suppress the ion current rectification. In addition, the
small bias range to analyze the electrical resistances is
useful to apply the linear fitting to the I-V curves.
4. Optical Microscope Measurement
All optical microscope (OM) images in this study were
postprocessed by a painting software; the process is
described in detail in the Supporting Information, Figure
S1.
5. TEM Measurement
The TEM measurements were performed as follows:
After the I-V measurement of the sub-10-nm pipet,
electrolytes in the nanopipette were exchanged with the
DI water. The nanopipettes were stored in DI water for a
day, and the nanopipette tips were cut and aligned with
the copper TEM grid using the micromanipulator (Micro
Support Co., Ltd.). The aligned tips on the TEM grid
were fixed by dropping ethanol. The pore diameter of
the nanopipettes was measured by TEM (JEM-2100Plus,
JEOL Ltd.) with an accelerating voltage of 200 kV. All
captured pore diameters were analyzed using Fiji (open
source software ImageJ).
6. Temperature Characterization
An infrared thermometer (Fluke VT04A, Fluke Corp.)
was used to measure the spatial profile of the temperature
in the vicinity of the nanopipette.
III. RESULTS AND DISCUSSION
Figure 1a shows the optical microscope (OM) image
of the fabricated nanopipette with a conical shape. This
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FIG. 2. Time-lapsed images of the filling process of a
nanopipette in the presence of the temperature gradient. The
temperature of the hotplate was kept at ∼80 ◦C to generate
the temperature gradient around the nanopipette tip. (a and
b) Global and magnified images, respectively. The magnified
area is indicated as the red square in panel a.
nanopipette has a pore diameter of 13 nm determined
by the TEM image (Figure 1b). When DI water is
injected into the inside of the nanopipette, a meniscus
forms at the water/air interface owing to the capillary
force (Figure 1c). The existence of an air domain
prevents the filling of solutions in the nanopipette tip.
To remove the air domain, we propose “thermal-driven
(TD) method”. Several prepared nanopipettes were
placed on a metal-stage-supported hotplate, such that
the sharp tip region of the nanopipettes protruded from
the edge of the metal stage. The protruding length of the
nanopipettes was tuned in a range from 2 mm to several
mm, depending on the tip shapes of the nanopipettes.
In this situation, the temperature gradually decreased
toward the pipette tip (Figure 1d), forming a temper-
ature gradient near the tip region of the nanopipettes.
After maintain the temperature gradient for a while,
the air domain can be removed from the nanopipette
(Figure 1f). The evidence of the complete removal of
the air domain was obtained by current-voltage (I-V )
measurements (Figure 1g). Note that the TD method
only requires proper temperature gradients and waiting
in the presence of a temperature gradient, and any
sophisticated operations are unnecessary. Owing to the
ease of execution of the method, many nanopipettes
can be filled at once. The probability of filling up
of ninety-four aligned nanopipettes on the metal stage
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FIG. 3. I-V measurements for the nanopipettes with three
different geometries. The insets show OM images before and
after the application of the TD method. Three different
nanopipettes show different I-V shapes, indicating different
conductances.
(Figure 1e, Supporting Information, Figure S2) was 100%
using our method.
Time-lapsed experiments allow us to understand the
filling process in the TD method. We monitored how the
filling of the nanopipettes progressed until completion
(Figure 2). The nanopipette just after the injected
DI water forms the meniscus at t = 0 s as shown in
Figure 2a. With heating the nanopipette at t = 5 s,
small pools of water formed near the tip region of
the nanopipette (Figure 2b). With further heating of
the nanopipette, water domains progressively formed,
followed by the formation of small bubbles originating
from the air domains, as indicated by the blue arrows
in Figure 2b at t = 10 s. Finally, the water filled the
entire area in the nanopipette, and the air domains were
completely removed at t = 1200 s. The formation of such
small bubbles is due to the condensation of water vapor
from the air/water interfaces. In addition, the formation
of a liquid bridge [34–36] would play an important role for
progressively growing the water domains. We speculate
that the small bubbles move from the tip region to
wide open side via the created liquid bridges, driven
by the temperature gradient. The variation in surface
tension induced by the temperature gradient drives the
movement of small bubbles [37]. The sizes of these
bubbles depend on the vapor rate and pipet geometry
(the height along cross-section at a certain location of
a nanopipette). Interestingly, the morphology of these
bubbles varies from a cylindrical shape to a spherical or
ellipsoidal one.
To show the viability of our filling method for various
nanopipettes with different geometries, we performed
I-V measurements of the nanopipettes. We defined
the aspect ratio (L/W) to quantify the difference in
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FIG. 4. Direct evidence of the validity of the TD method
for nanopipettes with pore diameters less than 10 nm. The
complete filling by the TD method was confirmed by I-V
measurements. After the confirmation of the filling, the
nanopipette was imaged by TEM. (a and c) I-V curves of
two different nanopipettes used. (b and d) Corresponding
TEM images.
the pipet geometry, where L is the length along the
pipet axis, measured from the pipet tip to the position
at the pipet’s outer diameter W = 300 µm (insets of
Figure 3; Supporting Information, Figure S2). All
of the measurements were carried out with 2 M KCl
solution. Figure 3 shows the I-V curves measured for
the nanopipettes with different geometries; L/W = 4.54
(short), 4.91 (middle), and 5.74 (long). The obtained I-V
curves showed different shapes, indicating the difference
in their conductance dominantly determined by the
nanopipette pore diameter and cone angle of the tip [38].
We examined more than 300 nanopipettes with different
geometries similar to those displayed in the insets of
Figure 3. All of them showed good electrical contacts.
This fact strongly supports the validity of the TD method
regardless of the pipet geometry if the temperature
gradient and waiting time are properly tuned.
Finally, we demonstrate the validity of the TD method
for a nanopipette with a pore diameter of less than
10 nm. To obtain direct evidence of the filling of the
nanopipette with a pore diameter less than 10 nm, we
carried out TEM measurements after measuring the I-V
curves. Figure 4 shows the I-V curves and corresponding
geometries of the nanopipettes captured by TEM. The
measured I-V curves demonstrate electrical resistances
of 58.8 MΩ (Figure 4a) and 333.3 MΩ (Figure 4c),
indicating the formation of good electrical contacts.
A clear ion current rectification observed in Figure
54c indicates the formation of a very small nanopore.
This was confirmed by TEM measurements (Supporting
Information, Figure S4). The pore diameters of the
nanopipettes with the low and high resistances were
9.3 (Figure 4b) and 4.7 nm (Figure 4d), respectively.
Note that, in the TEM images, the observed particle-like
structures inside the nanopipettes are difficult to remove
completely. They could be accumulated around the tip
region when DI water evaporates. The contamination
from outside the nanopipettes is due to the sticky
ethanol, which was utilized to fix the tip of a nanopipette
onto the copper grid (see Experimental Section).
Here we emphasize that the TEM measurements are
quite important for accurately determining the character-
istics of sub-10-nm nanopipettes. We roughly calculated
the pore diameter by the commonly used relationship
between the pipet geometry and electrical properties,
i.e., pore diameter, conical angle, and conductance. [38].
The calculated pore diameters are 5.1 and 1.3 nm for
the nanopipettes displayed in Figure 4b and Figure
4d, respectively. These values are smaller than those
obtained from the TEM measurement. This could
be due to the asymmetry of the nanopipettes and/or
the existence of nanobubbles, which could decrease the
calculated pore diameter and are not considered in the
calculation model. This research topic will be further
discussed in our future work.
IV. CONCLUSIONS
We demonstrated that the TD method is viable to
fill nanopipettes with sub-10-nm pore sizes regardless
of their geometrical differences. The temperature
gradient generated in the pipet removes bubbles from
the pipet tip, facilitating good electrical contacts for the
nanopipettes. Unlike previous methods, our TD method
is very practical and easy to introduce in nanopipette
fabrication. In addition, the TD method is a batch
process, and its success rate is approximately 100%. This
study will provide a significant contribution to various
fields of nanoscience using nanopipettes.
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